Post-processing of crystalline and glass materials after the exposure to femtosecond pulses was carried out by wet etching in water solutions of hydrofluoric acid. Crystalline sapphire and quartz showed high (larger than 100) anisotropy of etching, which allowed to develop high-aspect-ratio three-dimensional structures in the volume of those dielectrics. In silicate glasses the anisotropy of wet etching can be achieved by a proper selection of the overlap of adjacent pulses during recording, their energy, and focusing. Three-dimensional structures in silica glass (viosil with OH concentration below 1200 ppm) with a high aspect ratio of 100 were achieved. The mechanism of anisotropy in wet etching is discussed.
INTRODUCTION
Anisotropic wet etching of patterns exposed to laser irradiation is one of the prospective methods of recording channels for micro-fluidic 2 Three-dimensional (3D) channels can be recorded in glasses and crystalline materials using this technique. It is usually considered that the contrast of etching rate must be larger than 10 in order to develop 3D microchannel patterns useful for the microfluidic and micro-total analysis system (-TAS) applications. Let us define the aspect ratio of etched channels, far , as the ratio of the total length of the channel to its diameter at the largest cross section. The largest far value of fabricated microchannels approached the selectivity value of wet etching, which is defined as the ratio of the etching rates along the channel to that across. For small selectivity, S < 10 a strong taper occur along the channel as the entrance region is affected by acid much longer and the widening takes place at the uniform etching rate of un-damaged dielectric (glass or crystalline) during the diffusional process of wet etching.
Here, we report on a high-aspect-ratio anisotropic wet etching of silica-based glass as well as crystalline quartz and sapphire after pre-exposure to high intensity femtosecond (fs) pulses. Three-dimensional channels of the aspect ratio, far. 100 were achieved. (Shin-Etsu Chemical Co.) silica.5 Recording was carried out using 800 nm, 250 fs pulses at 2.5 LIDT; wet-etched in P-etch for 840 mm.
EXPERIMENTAL
Femtosecond pulses were obtained from a setup of Ti:Sapphire oscillator ( Tsunami) with regenerative amplifier (Spitfire, both from Spectra Physics) operating at the 800 nm central wavelength with pulse duration of t = 130 + 10 fs at FWHM at the repetition rate of 1 kHz.
Pulse duration at the focus was measured by GRENOUILLE technique3 (Swamp Optics). We used an additional solid immersion lens, which collects strongly divergent light before introducing it into the GRENOUILLE setup. This teclmique allows to record time x spectrum image of the pulse, and then, pulse duration (FWHM) can be retrieved by the frequency-resolved optical gating (FROG) algorithm (Femtosecond technologies). Thus obtained time x spectrum image of the pulse was used to retrieve the pulse duration using FROG algorithm as described in more detail elsewhere.4 Pulse duration at the output of regenerative amplifier was 130 fs.
A computer-controlled high-precision (< 2 nm) PZT-stage was utilized to move sample according to a designed patterns. Structural modifications were inspected by the optical, confocal, and scanning electron microscopies.
Wet etching was carried out in HF-based solutions. Irradiance of samples was close to the ablation threshold for surface photo-modification or close to the 3D optical breakdown for the in-bulk recording. Samples of silica glass Viosil (Shin-Etsu Chemical Co.) with mass density of 2.201 g/cm3 and OH content of 1200 ppm were used for channel fabrication. As a crystalline materials we used the z-cut sapphire and quartz (mass density of 2.65 g/cm3) from Shinkoshia Inc.
RESULTS AND DISCUSSION
In this study, the optically-induced dielectric breakdown of transparent materials was the mechanism used for photo-modification of samples, which were afterwards wet etched.
Mechanism of recording
Optically-induced dielectric breakdown of transparent materials is proceeding via a plasma state when the focal volume is ionized. In crystalline materials it means that the final amorphous state was formed via the following path: first, the plasma is formed at the focal region, second, an amorphous phase is created due to the rapid thermal quenching. Optically modified material, the voxel (volume element) is created and, e.g. , can serve as a bit of 3D optical memory. When ultra-short sub-picosecond pulses are utilized for recording in conjunction with tight focusing, where the focal spot has diameter approximately equal to the wavelength of irradiation, A, the optically-induced breakdown can be freely positioned three-dimensionally inside transparent material with spatial resolution higher than the A. The merit of ultra-short pulses is in possibility to achieve high irradiance over 10 TW/cm2 at only tens-of-nJ energy and avoiding nonlinear effects of light propagation such as self-focusing. Though, the path of material transformation after exposure to a high intensity pulse (cx 10 TW/cm2) can be easily understood from energy conservation and exchange between electrons and ions, a detailed scenario of the phase transformations under extremely fast time scales is not fully developed.
:\ : Here below, we will discuss the basic principles, which should take place as the steps of plasma formation. For example, in semiconductors, the collapse of bandgap is ensuing upon the excitation of approximately 10% of the valence electrons6 by a femtosecond pulse. This means that semiconductor is turned into a metal and, moreover, this transition can occur non-thermally, i.e., faster than thermalization between the electrons and lattice atoms. In dielectrics, however, an unequivocal mechanism of optical breakdown and its dynamics are presently still under active discussion especially when the wavelength of irradiation is longer than that necessary for two-photon absorption. Recently, we put forward a model, which accounts for the optical breakdown by pulses of ns-to-fs duration when tight focusing conditions are implemented,7 i.e., the numerical aperture of the objective lens is NA > 1 and non-linear effects of pulse propagation such as self-focusing are avoided. The Mott transition, which switches dielectric into metal accounts for the experimental data. In semiconductors, the Mott transition8 occurs when critical defects' concentration is larger than certain critical density, at which the conductivity is changing over several orders of magnitude in a step-like fashion and persist even at cryogenic temperatures. The Mott transition in dielectrics takes place when the electronic shells of binding electrons from the neighboring bonds overlap.7 Hence, a dielectric-to-metal transition ensue in a step-like manner. In dielectrics under high-intensity irradiation, the Mott transition should proceed as a collective response of optically excited volume at the focus turning there an initial transparent material into the highly absorbing on a time scale comparable with the optical cycle (2.67 fs at 800 nm wavelength). One would expect to find the focal volume with permanently modified properties (mechanical, structural, optical) at the focal region as was, indeed, observed in dielectrics. The pulse energy can be tuned for the required photo-modification at the focus. At the threshold irradiance necessary for Mott transition, photo-modification of dielectric can be contained within the volume of sub-micrometer cross-sections and possibly even smaller.9 Such control over optical recording could have number of applications, e.g. , in 3D optical memory and photonic crystals or their templates, photo-doping of semiconductors, and nanofabrication.
The mechanism of molecular ionization differs from that of atoms in a fundamental way. Localization of an electron depends strongly on the inter ion separation. For the large (> 8 Bohr) and small (< 2 Bohr) separations the electron is localized in one of the potential wells of diatomic molecule similarly as in the atom. However, for the intermediate distances, when tunneling is important, an ionization probability becomes enhanced in the applied field.'° It is especially evidenced for the non-adiabatic case, when the electrons from the "upper" well have not be able to tunnel into the "lower" one during the half-of-cycle. Obviously, such the non-adiabatic conditions are facilitated at the high light intensities and/or presence of the ionized atoms and molecules. This generic model'° depicts a physically sound scenario of the 3D optical breakdown in dielectrics at tight focusing conditions. This model along with the Mott transition should explain the steps of the plasma formation and its intensity dependence at the focus.
Obviously, at tight focusing with the numerical aperture NA > 1 the slowly varying envelope (SVE) approximation is not valid, since the envelope of the electric field is not constant over the optical cycle. It is noteworthy, that the validity of SVE seizes not due to short pulse duration, but due to the spatially "fast" change of the intensity envelope along propagation. Thus, the number of optical cycles which can simultaneously reach the threshold at the exact focus is determined by focusing as well as by the pulse duration. Pulse duration determines how many optical cycles are affecting the focus. For example, for a Gaussian pulse of 800 nm wavelength and T:;sj.: id(i Figure 3. (a) SEM image of the voxels initially recorded inside sapphire after dry etching in Ar plasma. Recording was carried out at three thresholds of optical breakdown (3 x LIDT). (b) 3D photoluminescence mapping of rhodamine inside channels in sapphire. Twenty linear channels were recorded over the area 50 x 50 tm2 at 50 tm depth and permeated by rhodamine solution. Recording irradiance was 2 x LIDT. I_p = 100 fs (at FWHM) duration, the number of cycles which will reach the threshold irradiance at focus can be calculated from the known intensity envelope of the incoming pulse. At central frequency, the light electric field strength is E(t) = E0e2 in 2(t/r)2+z, where the standard phase expression p = wt + kz is used; chirp is not taken into account (I = Io/2 at t = r/2) . Here, w is cyclic frequency, k = 2ir/A the wavevector, and z is the axial coordinate. Let us assume that all optical cycles whose irradiance is within 1% from the maximum of the incoming pulse envelope would reach the threshold irradiance when at the focus (z = 0) . One would find that the nine A/2-cycles should reach the threshold irradiance at the focus for the incoming 100 fs pulse. This discussion, though simplified, shows that a single-optical-cycle-breakdown should be considered when tight focusing is implemented. For a 20 fs pulse, only one A/2 intensity peak should reach threshold at focus for the discussed focusing. This gives an insight into spatial resolution of 3D recording showing that the axial dimension could be decreased when tight focusing and short pulses (r < 25 fs) are used together.
Wet etching of glass
Formation of channels in silica can be achieved by recording the pattern at irradiance larger than the optical breakdown threshold with subsequent wet etching in HF-based water solutions.2 It was found previously that the etching rate along and across the damage line of voxels depended significantly on the etchant type." The etching rate in 5% HF, buffered-HF (HF(50%): NH4F(40%) 1:10 by volume), and P-etch (HF(48%): HNO3(70%): H20 15: 10:300 by volume) were 70, 250, and 12 nm/mm, respectively. These etching rates were obtained as the thinning rate of silica plates in the corresponding etchant. The etching selectivity, S = r11/r , which is defined as a ratio of the etching rates along the channel to that across, however, scaled reciprocally, i.e. , the highest S values were observed in P-etch (S 95) and the lowest in buffered-HF (S 20).
A significant taper off along the channel was usually 2 12 due to the low anisotropy and selectivity of wet etching. During the etching the entrance regions are affected for much longer time and consequently their diameters had increased. In order to form long channels without taper-off, apart of the etchant type the intra-voxel separation was another key parameter as was demonstrated recently.' For the focusing by objective lens of NA = 1.35 the intra-voxel separation of 0.2 tm had proved to be the optimal for the fastest channel etching in silica when the irradiation fluence was approximately 3 x LIDT, where LIDT is the light-induced dielectric breakdown threshold. This optimal intra-voxel separation of 0.2 m was used in our experiments and it was smaller than the evaluated diameter of the focal spot size at FWHM, which was dfwhm 0.6 Um as calculated for NA = 1.35. Diameter of the voxel recorded at the threshold of optical damage for these focusing conditions would be approximately 0.25 um.9 This optimal pitch of voxels allowed us to achieve channels with aspect ratio of fa.r 100 without considerable taper off when P-etch solution was used as shown in Fig. 1 . It is noteworthy, that at the fluence 1 x LIDT there were no void at the center of the voxel.
Let us discuss the origin of the wet etching anisotropy. The regions around the voxel recorded at 2 -3 thresholds of the optical damage in silica are of higher mass density as compared with uniform glass. ' At the center of the voxel a void is usually formed. The local mass density up to 0.55% can be achieved around the void before the onset of crack formation.' One of the consequences of the mass density increase is a refractive index augmentation, i.e. , a polarisability increase, since the polarisability, a , is proportional to the refractive index, n, via the Lorentz-Lorenz relation: 
Wet etching of crystalline materials
In crystalline materials, the optically-irradiated regions are etched faster than those unexposed and can be explained by the difference in chemical reactivity of the amorphous vs. crystalline phase. Also, the surface contact area of the solid material with the etchant is very important factor, since the etching is a diffusion controlled process.
Quartz
In quartz, anisotropic wet etching rate in a 5% HF water solution was found dependent oii crystallographic direction as shown in Figure 2 . The thinning rate of quartz, i.e., the etching rate of undamaged quartz was approximately 0.5 and 2 m/min across and along c-axis, respectively. We used a 0.5 im intra-voxel separation during recording of patterns. High numerical aperture optics, NA = 1.35, was utilized for focusing fs-pulses of 800 nm wavelength. Typical recording irradiance corresponded to 2 or 3 thresholds of optical damage. The etching rate in a 10% HF solution was faster by a factor of 1.54. Wet etching anisotropy as well as selectivity were not dependent on the polarization of irradiation during pattern recording (a linear polarization was tested). . SEM image and its close-up of ripples after wet etching in 10% HF water solution. Irradiation was directed from sapphire to air and recording was carried out at the 2 x LIDT (for the in-bulk optical breakdown). The pitch of inline scanning (along surface) was 125 nm. Polarization of irradiation was perpendicular to the wavevector of ripples.
Sapphire
Wet etching of sapphire in the water solution of hydrofluoridic HF acid is expected to proceed according to: (i) A1203 + 6HF = 2A1F3 + 3H20, then (ii) A1F3 + 3HF = H3A1F6, forming water soluble products. The actual etching rate of sapphire in HF water solutions of concentration even higher than 20% was negligible > 0.01 nm/mm (usually within the uncertainty of the measurement of surface roughness). However, upon optimization of the overlap of adjacent voxels by approximately half the diameter of the focal spot the highest etching rate of internally recorded micro-channels was 83 10 nm/mm. Such high anisotropy of wet etching was never observed before and, most probably, could be explained by, either, physical enhancement of etching due to amorphisation or due to chemical modification, i.e., formation of aluminate A1(A102)3 or a fullerenoid oxide.'4 Indeed, compositional stoichiometry of sapphire is maintained for the following reaction 2Al2O3 =A1(A1O2)3, which would explain creation of a more chemically active aluminate. Amorphisation of the voxels was, indeed, present as shown in Fig. 3(a) . Dry etching by Ar plasma showed a prevailing etching of the optically damaged regions in sapphire. Further studies are necessary to elucidate the detailed chemical mechanism of anisotropic etching.
In practice, any designated aspect ratio of a channel in sapphire can be etched due to the extremely high anisotropy of wet etching between amorphous vs crystalline phases (> 1 x iO). Presence of amorphous (or poly-crystalline) phase was evidenced by dry etching in Ar plasma. Preferential sputtering of irradiated regions was observed (Fig. 3(a) ). Wet etching rate of undamaged sapphire was below 0. 1 nm/mm. This allowed to form freely crack-free 3D channels inside sapphire using 10% HF water solution (Fig. 3(b) ). A 3D fabrication facilitates miniaturization of bio-chips via a 3D folding of channels, and, also, the functionality of such chips can be extended by complimentary optical techniques such as spectroscopy and laser-tweezers'5 due to transparency of sapphire. Photoluminescence inside channels can be easily detected (Fig. 3(b) ). It is noteworthy that the wet etching of channels in sapphire became impossible when overlapping of the adjacent voxels was smaller than 100 nm. This phenomenon was not observed in glasses.1 A possible conjecture is that partial re-crystallization took place due to increased absorption and decreased thermal conductivity at the already recorded voxel. This phenomenon is currently under investigation.
Wet etching of ripples
After the wet etching of optically damaged surface of sapphire ripple-like patterns were revealed as shown (Figs. 4  and 5 ) . This type of pattern was observed when irradiation was directed from sapphire to the air and was not depended on the pitch between adjacent voxels. Typically, we used 67.5 and 125 nm separation. Wavevector of the observed ripples was perpendicular to the polarization of incident light, as it is expected for the ripples typically observed on surfaces of semiconductors and metals. This type of ripples was revealed only after the wet etching of optically damaged surfaces of sapphire. The pattern such as shown in Fig 4(b) can be recorded by precise control of beam scanning speed and pulse energy. This is necessary for the avoidance of chipping due 
Pl where me and e are the electron mass and charge, respectively, Ne [S the electron density, s is the permittivity of vacuum, and kB the Boltzmann's constant.
Simulations of the grating period by eqn. 2 are plotted in Fig. 6 for glass (no = 1.5) and sapphire (no = 1.7). The ripple period of 375 nm (Fig. 5) would correspond to the temperature of 11.2 keV at electron density equal to the critical plasma density, which at the 800 nm wavelength is Ne 1.75 X 1021 cm3 (the plasma cyclic frequency is w = /Nee2/(rome)). The ripples shown in Fig. 4 with 400 nm period would correspond to the electron temperature of 12.3 keV. Since the ablation patterns were recorded by dielectric breakdown of pre-surface material and the critical plasma density was reached, we used this density for simulation.
Ripple formation over the irradiated surfaces is a common phenomenon, which can be explained by the surface electromagnetic wave (SEW) or surface light scattering by pre-surface roughness. In both cases, the expected period of ripples at the right angle incidence is equal to the wavelength of irradiation. Thus, the ripples observed in our experiments can not be explained by those theories. The experimental data presented can be, however, explained by photon -plasmon scattering.'6 This mechanism can occur on the surface as well as in the bulk of transparent material, where the plasma of breakdown creates the boundary on which the longitudinal wave of plasmon can be formed. In our case, a moderate electric field enhancement took place at the exit surface of sapphire, since the transmission coefficient for the E-field is t = 2n/(n + nt) (where n and nt are the refractive indexes of the media where incident and transmitted light passes). For sapphire of ri = 1.7, t = 1.259, while for the air-to-sapphire surface (front-side irradiation) t = 0.741. Hence, at the back-side irradiation the surface is ablated by, first, pre-surface air breakdown, which then affects the surface. Wherever the initiation starts, the plasma frequency is the same and the plasmon can be launched.
CONCLUSIONS
High-aspect ratio (far. 100) wet etching of 3D channels is demonstrated in fs-irradiated glass, crystalline quartz and sapphire. Wet etching of ablated sapphire surface revealed ripples, whose period can be explained by the photon-plasmon scattering. The electron temperature at the optical breakdown can be estimated from the period of ripple. Thus obtained temperature was approximately 1 1 keV at the breakdown in sapphire. This type of ripples can be called 3D-ripples, since they can be formed not only on the surface but also in the bulk of transparent material wherever the plasma surface is formed. It is noteworthy, that the electron temperature of approximately 10 keV is enough for the hard X-ray generation. Hard X-rays can propagate with much less attenuation in air than soft X-rays. Thus, a back-side irradiation of dielectric-air surface by tightly focused fs-pulses can be used as a pulsed X-ray source, whose pulse duration is in ps scale (correspond to the plasma lifetime).
